The operating frequency of future communication systems will cover both microwave and millimeter-wave (MMW) bands simultaneously. This paper presents a novel design of spoof surface plasmon polaritons (SPPs) structure-shared dual-band antenna with large frequency ratio, which consists of a planar open sleeve monopole antenna operating at S-band and a taper slot antenna (TSA) at K/Ka-band. In this design, the SPPs structure takes important roles in two aspects: it serves as an equivalent-lens to enhance the gain of TSA and a monopole of the planar open sleeve antenna to keep a low profile. To realize high isolation between the two antennas, a substrate integrated waveguide (SIW) and an integrated coaxial line are designed to feed the TSA and the planar open sleeve monopole antenna respectively. The SPPs-shared antenna shows an enhanced endfire gain of 13.09 dBi in the frequency range of 19.32-32.90 GHz and an omnidirectional gain of 1.06-2.92 dBi over the range of 2.23-3.69 GHz, keeping a compact size. The large frequency ratio of 10.8, low profile and the wide operating bands in both lower and upper frequency ranges can meet many wireless communication applications. Reasonable agreement between the measured and simulated results is observed.
I. INTRODUCTION
In the future communication applications, antenna systems operating in both microwave band and millimeter-wave (MMW) band are required to increase data exchange capability [1] . One notable scenario is the design of a dual-band antenna, covering both the 2.4 GHz and 24 GHz industrial scientific medical (ISM) bands [2] . Another one is applied for the wideband communication systems, which complies with both Wi-Fi channels and wireless gigabit (WiGig) channels for future wireless local area network (WLAN) applications [3] . Nevertheless, a single multimode-resonance antenna can hardly support the microwave and MMW bands simultaneously since its frequency ratio is usually less than three [4] , [5] .
For the large frequency ratio case, it is a straightforward way to combine two separate antennas together. In line with this concept, many aperture-shared antennas with large frequency ratio were implemented, where the microwave The associate editor coordinating the review of this manuscript and approving it for publication was Giovanni Angiulli . and MMW parts are individually designed and then combined together either horizontally [6] , [7] or vertically [8] , [9] . To improve the channel isolation, the adequate distance between the antennas is necessary, leading to low aperture efficiency and uncompact structure. For most practical applications, the compact and low profile antennas are more attractive.
Recently, many structure-shared approaches have been proposed for compact purpose [10] - [12] . For instance, a dielectric resonator (DR) and a MMW Fabry-Perot resonator are combined in [13] , [14] by sharing a dielectric block to realize a dual-band antenna. The antenna in [15] shows a lower profile than the common DR antenna (DRA) and a high aperture efficiency is achieved by reusing a substrate integrated waveguide (SIW) cavity as a patch antenna at low frequency.
In the MMW band, the path loss becomes prominent when the electromagnetic (EM) wave travels in free space, leading to a short transmission distance [16] . To overcome this issue, high-gain antennas along with the wide bandwidth (BW) are highly desired to compensate for the propagation loss and to increase the channel capability. Antenna arrays are commonly utilized to produce high gain [17] - [19] . But the feeding network complicates antenna designs and also causes extra loss, reducing antenna efficiency. Dielectric lens antennas show a high directivity and BW [20] , [21] , but they generally suffer from the bulky volume, heavy weight, and expensive fabrication costs. In recent years, metamaterial and metasurface (2D case of the metamaterial) have become an appealing subject of research because of their exotic properties. They have been explored in many antenna applications, such as holographic antennas [22] , [23] , metasurface planar lenses [24] - [26] , and metasurface superstrate [27] , [28] . Most recently, the surface plasmon polaritons (SPPs) structure has been implemented to adjust EM wave propagation since the EM wave propagating in the structure shows slow wave feature [29] .
In this paper, a novel SPPs-shared technique is proposed. Different with [29] , the SPPs structure serves as not only the metasurface lens in the MMW band, but also as the radiator of the planar sleeve antenna working in the microwave band. The orthogonal transverse electromagnetic (TEM) mode and transverse electric (TE) mode, guiding in the integrated coaxial cable and SIW respectively, are employed to obtain high isolation between the microwave and MMW signals.
The low profile, compact size, wideband and high gain, shown by the proposed antenna, are appealing to the applications in wireless communication systems. To enhance the gain of the TSA, a composite metasurface consisting of a corrugated SPPs structure and the coplanar metal grid arrays is patterned on middle layer to form a metasurface lens, as shown in Fig. 1(a) . The enlarged schematic of the meatasurface is shown in Fig. 1(c) . The SPPs structure and the flared arms of the TSA are shared as The shared SPPs structure plays an important role both in the TSA and the sleeve monopole antenna. For the TSA, a longer SPPs strip is favorable to enhance its gain. However, the length of the SPPs strip (L spp ) also determines the working frequency (the first resonance frequency shown in Fig. 2 ) of the omnidirectional sleeve monopole antenna [30] . Therefore, the length L spp is primarily chosen as a quarter wavelength of EM wave at 2 GHz and finely tuned according the parametric study shown in Fig. 3(a) . The corrugations on the SPPs strip can be safely neglected at the microwave S-band, i.e. the strip can be treated as a smooth metal strip, because the depth of the corrugations is much less than the operating wavelength.
II. ANTENNA DESIGN
The two flared arms of the TSA are shared by the sleeve monopole antenna as parasitic radiators to broaden the BW by introducing the second resonance as shown in Fig. 2 . When the length of the flared arm is preliminarily chosen according to the gain and operating band of the TSA, the effective lengths (L eff ) of the parasitic arms can be tuned by their widths (W c ), as schematically shown in Fig. 4 . The overlap between the arms enlarges with increasing W c , thus shortening the current path on the arms. The decrease of L eff leads to the second resonance frequency shifts to upper frequency, which manifests as the increase of frequency with W c , as depicted in Fig. 3(b) . The value of W c is finally set to 8.8 mm according the simulated impedance bandwidth.
We also note the first resonant frequency of the sleeve monopole antenna, compared with the monopole antenna, slightly increases when introducing the parasitic radiators. When the parasitic arms present, the virtual feed point shifts to the open end side, leading to the decrease of the effective length of the monopole radiator.
B. CONVERGENCE EFFECT OF THE SPPs COMPOSITE METASURFACE
To demonstrate the effects of the metasurface on the antenna gain enhancement, the basic TSA (Ant. 1), the SPPs-loaded TSA (Ant. 2), and the composite metasurface loaded antenna (Ant. 3) are compared by simulations. The converging effect of the metasurface on EM wave is presented below. Fig. 5(a) shows the basic TSA without any loading. Its structure parameters are presented in the Section II, part A. The TSA shows a wideband gain of 11 dBi from 21 GHz to 31 GHz (refer to Fig. 9(b) ). Fig. 5(b) shows the SPPs loaded TSA, where the corrugated SPPs strip is made of cross-shaped unit cells arranged periodically on the upper surface of Substrate 2. The unit cell has a periodicity p = 0.6 mm and the trip width a = p/2. The groove height h determines the asymptotic frequency of the SPPs structure. Since the asymptotic frequency should be above the working frequency of the antenna (20-32 GHz), the groove height h is finally set as 0.85 mm according to the simulated dispersion diagram shown in Fig. 6(a) . Here, only the odd modes are concerned because the electric fields of the interesting modes should be consistent with those in TSA's aperture [29] , [31] , [32] .
The plasmonic structure is used to manipulate surface wave propagation and further to adjust the phase of the EM surface wave [29] . The fundamental is that the propagation constant β SPP can be engineered by varying the geometrical parameters of the unit cell. β SPP is approximately presented as [33] β SPP = k 0 1 + (a/p) 2 tan 2 (k 0 h)
where k 0 is the wave number of the EM wave in free space. In a simple case where the spoof SPPs transmission line (TL) is surrounded by air, the propagation constant β SPP will be larger than k 0 , i.e. the EM field propagating along SPPs TL has a slower phase velocity than light speed in free space. For surface wave, the refractive index n SPP seen by the wave can be given by the ratio of the speed of light in free space to the phase velocity of the wave along the surface [22] . Consequently, the equivalent refractive index n SPP can be extracted from the simulated dispersion diagram by
Therefore, the plasmonic structure can be equivalently taken as dielectric with a larger refractive index. The equivalent refractive index in the frequency range of interest is shown in Fig. 6(b) . Two transition regions with gradually increased groove height are designed to achieve propagation constant match between TM mode in slot and SPPs mode [29] , [34] - [36] . The total length of the SPPs structure (L SPP ) is finally determined by the operating frequency of the omnidirectional monopole antenna. In Fig. 5(c) , metal grid arrays are added on the antenna to form the composite metasurface to further enhance the converging effect. Metal grid arrays are often used to obtain inductive surface for the frequency selective surface (FSS), where the grids resonate and show a narrow frequency band [37] . To avoid resonance and obtain wideband operation, much shorter grids are adopted here. As shown in Fig. 7(a) , while the grid length (W x ) increases from 0.5 mm to 1.5 mm, the EM wave propagating along the grid array shows a larger propagation constant and a lower asymptotic frequency as well. The method applied for SPPs structure is reused to extract the effective refractive index for the grid arrays. The effective refractive index n grid is shown in Fig. 7(b) , where the refractive index can be tuned by varying the grid length. By properly choosing structural parameters, the graded refractive indexes [22] , [29] , i.e. n SPP > n grid > n 0 , can be obtained as shown in Fig. 8 . We can equivalently consider the composite metasurface as a lens with refraction index grading along y direction in E-plane of the TSA [29] . When EM wave travels along the composite metasurface, its phase plane becomes flatter [38] , [39] . By this means, narrow beam widths can be obtained. To validate the effect of the composite metasurface, full wave simulations were performed.
The simulated far field patterns in E-plane for these antennas are shown in Fig. 9(a) . As expected, with the loading of the metasurface, the beam width of antennas becomes narrower. Fig. 9(b) shows the simulated gain of these antennas. Compared with the basic antenna (Ant. 1), Ant. 2 shows a 1.63 dBi gain enhancement. The gain is further enhanced to 13.09 dBi at 27.5 GHz for Ant. 3 by adding the grid arrays. An average gain enhancement of 2 dBi is achieved for Ant. 3 over the frequency range of 18-31 GHz. It is evident that the composite metasurface can effectively narrow the beam width and thus improve the gain of the TSA.
C. THE FEEDING SCHEME AND THE ISOLATION
To obtain a high isolation, the endfire antenna is fed through the SIW and omnidirectional antenna through the integrated coaxial line. It is well known that the SIW cannot support TEM waves. The TEM mode traveling along the integrated coaxial line cannot reach Port 1 as shown in Fig. 10(a) . Thus a high isolation (|S 12 | < −35 dB) is achieved between Port 2 and Port 1. However, the EM energy may leak into the integrated coaxial line when it is input from Port 1 through the SIW. The leakage energy can be safely reduced when the cutoff frequency of the integrated coaxial line for TE mode is higher than the operating frequency (K/Ka-band). The high cutoff frequency can be achieved by narrowing the width of sleeve of the integrated coaxial line. Through simulation, the width of L d = 2.16 mm is chosen to suppress EM wave from Port 1 to Port 2. The |S 21 | is below −25 dB, indicating a good isolation. Fig. 10(b) shows the contour plot of electric field when Port 1 is fed.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A prototype of the proposed antenna is fabricated as shown in Fig. 11(a) , and validated experimentally. For the MMW endfire antenna, the measured results are shown in Fig. 11(b) and (c). The reflection coefficient (|S 11 |), shown in Fig. 11(b) , exhibits a large operating BW. The 3 dB gain BW 2 is the range of 19.32-32.9 GHz (52%) with a peak gain of 13.09 dBi, which is consistent with simulated results, as shown in Fig. 11(c) . The radiation pattern of the endfire antenna is also measured in both the E-(x-y plane) and H-planes (x-z plane) at 20 GHz, 24 GHz, 26 GHz, and 30 GHz, as shown in Fig. 12 . All measured radiation patterns remain stable in endfire direction and agree quite well with the prediction from simulations. Compared with [29] , a little lower endfire gain obtained is mainly due to the shorter SPPs-structure. Figs. 13(a) and (b) show the simulated and measured results of the omnidirectional planar open sleeve monopole antenna. The measured results indicate impedance BW 1 (|S 11 | < −10 dB) of 49.3% from 2.23 GHz to the frequency 3.69 GHz. The gain is around 2 dB in operating band and the peak gain is measured at 3.58 GHz. The far-field patterns in the E-and H-plane at 2.48 GHz, and 3.38 GHz are shown in Fig. 14. An omnidirectional radiation pattern is observed. The slight discrepancy of the radiation patterns between measured and simulated ones is owing to the asymmetric structure of the antenna caused by Port 2.
The isolation between the two antennas is measured and shown in the Fig. 15 . While Port 1 is under test, Port 2 is loaded with a standard 50 load, and vice versa. At the microwave band, the isolation is as high as 35 dB, and at the MMW band, larger than 25 dB, which shows a good isolation and further verifies the isolation scheme presented in Section II, part D. A comparison between the proposed antenna and other reference antennas is given in Table 1 . The proposed antenna shows a much lower profile than the DRAs in [13] , [14] , while keeping a wide operating bandwidth [15] .
IV. CONCLUSION
In this paper, an SPPs-shared technique is proposed to construct the dual band antenna operating at both 2.23-3.69 GHz (S-band) and 19.32-32.90 GHz (K/Ka-band). The SPPs structure functions as a planar open sleeve monopole at S-band, while as a metasurface for endfire antenna at K/Ka-band. The antenna is fabricated on a duallayer PCB, showing a compact size and a low profile. Simulated and measured results indicate that the antenna has a broad BW 49.3% and a high realized gain 2.92 dBi for the S-band, and 52% and 13.09 dBi for the K/Ka-band. It would be attractive for the applications of future wireless communication systems.
